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This application is based on Patent Application 
Nos. 2000-286601 filed September 21, 2000, 2001-249034 
filed August 20, 2001, 2001-249035 filed August 20, 
2001 and 2001-249037 filed August 20, 2001 in Japan, 
5 the content of which is incorporated hereinto by 
reference. 

BACKGROUND OF THE INVENTION 

0 FIELD OF THE INVENTION 

The present invention relates to a light - 
controlled light modulator, and more particularly to a 
light-controlled modulation technique for modulating 
5 light with a wavelength identical to or different from 
input signal light with an arbitrary wavelength in 
response to the intensity of the input signal light in 
a wavelength division multiplexed optical network. 

» DESCRIPTION OF THE RELATED ART 

Conventionally, as an optical transmission system 
for transmitting optical signals with different 
wavelengths, an optical transmission system using 
wavelength division multiplexing (WDM system) has been 
known which transmits the optical signals with 
different wavelengths by combining them into a single 
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optical fiber. Recently, such WDM systems have been 
increasingly applied not only to one-to-one 
transmission, but also to network transmission. 

In such WDM systems, a light -controlled light 
modulator is increasing its importance which carries 
out wavelength conversion, that is, which converts the 
wavelength of an optical signal traveling through an 
optical fiber into the same or different wavelengths. 

Fi 9- 1 is a diagram showing a circuit of a 
conventional wavelength converter. The wavelength 
converter consists of a symmetric Mach-Zehnder 
interferometer that comprises SOAs (Semiconductor 
Optical Amplifiers) 105 and 106, MMI (Multi-Mode- 
Interference) couplers 101, 102 and 103 connected to 
the SOAs 105 and 106, an MMI coupler 104 connected to 
the MMI couplers 102 and 103, and optical waveguides 
interconnecting them. In Fig. l, the reference 
numeral 107 designates signal light, 108 designates 
continuous light, 109 designates output light and 110 
designates a port. 

The operation of the wavelength converter with 
such a configuration will now be described. 

The continuous light (CW light) 108 with a 
wavelength Aj is launched into the MMI coupler 101, 
and split into two optical waveguides. The two 
continuous light waves pass through the SOAs 105 and 
106 and the MMI couplers 102 and 103, and are coupled 



by the MMI coupler 104 to be emitted from the port 110. 

In this state of the wavelength converter, the 
optical signal Ai(s) 107 with the wavelength A i is 
launched into the MMI coupler 102, and then into the 
SOA 105. Here, the optical signal 107 varies the 
refractive index of the SOA 105. 

As a result, the interference conditions change 
of the symmetric Mach-Zehnder interferometer 
comprising the MMI couplers 101, 102, 103 and 104 so 
that only when the signal light 107 is "1", the output 
light with the wavelength A j is emitted from the port 
109. Thus, the optical signal with the wavelength Ai 
is transformed to light with the wavelength A j to be 
emitted from the port 109 as the output light A j(s). 

In this method, the transmission rate of the 
input signal light is limited by the recovery time of 
carrier density changes of the SOAs 105 and 106. Thus, 
the speed of the wavelength conversion of the optical 
signal is iimited to about 20 Gbps at most. 

Fig. 2 is a diagram showing another conventional 
wavelength converter. The wavelength converter 
comprises an SOA 201, MMI couplers 202 and 203 
connected to the SOA 201, and a loop-type 
interferometer 209 connected between the MMI couplers 
202 and 203. In Fig. 2, the reference numeral 204 
designates signal light, 205 designates continuous 
light, 206 designates counterclockwise traveling light, 
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207 designates clockwise traveling light, 208 
designates output light and 210 and 211 each designate 
a port . 

In the configuration, the continuous (CW) light 
5 205 with the wavelength Aj is launched into the MMI 
coupler 203 through the port 211, and is split into 
two parts by the MMI coupler 203, which are delivered 
to the loop-type interferometer 209. In the loop-type 
interferometer 209, the two parts travel around the 
io loop as the clockwise traveling light 207 and 

counterclockwise traveling light 206, are recombined 
by the MMI coupler 203 to be emitted from the port 211. 

In this state, the signal light Ai( s ) 204 with 
the wavelength A i is launched into the MMI coupler 
202. The incident signal light 204 passes through the 
SOA 201, which varies its refractive index. Thus, the 
light with the wavelength Aj traveling in the loop is 
affected by the change in the refractive index, 
resulting in phase variations as shown in Fig.3A. 

The clockwise traveling light 207 brings about 
abrupt phase variations, followed by recovering of the 
phase at a rate corresponding to the recovery time of 
carrier density changes of the SOA 201, and is 
launched into the MMI coupler 203. 

The counterclockwise traveling light 206 also 
undergoes similar phase variations. However, since it 
travels through the loop-type interferometer . 209 
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longer than clockwise traveling light 207 by a 
distance Al, it is launched into the MMI coupler 203 
with a delay time A r . 

Accordingly, in the MMI coupler 203, the time of 
5 the phase variations differs by an amount of A r = A 
L/(c/n eq0 ) between the clockwise traveling light 207 
and the counterclockwise traveling light 206, where c 
is the speed of light, and n eq0 is the equivalent 
refractive index of the waveguide constituting the 
io loop. The two continuous light waves with the same 
wavelength Aj interfere with each other in the MMI 
coupler 203. In the course of this, their phases 
differ only during the time period A r and nearly 
equal thereafter. As a result of the interference, 
is the light is emitted from the port 210 only during the 
time slot A r as illustrated in Fig. 3B. In other 
words, the input optical signal with the wavelength A 
i is transformed to the light with the wavelength Aj 
to be output to the port 210 as output light Aj( s ) 
20 208. 

In the wavelength converter with such a loop -type 
interferometer, the counterclockwise traveling light 
206 and the clockwise traveling light 207 have the 
same phase variations during the time the light phase 
25 variations gradually recover in response to the 

carrier concentration in the SOA 201, except for the 
time period At. Therefore, as a result of the 
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interference, the effect of the variations in the 
refractive index in the SOA 201 are canceled out, and 
the light with the wavelength A j is emitted from the 
port 211 except for the time period Ar. Thus, as 
illustrated in Fig.3B, the waveform after the 
wavelength conversion output from the port 210 
includes no low-rate components whose rate is limited 
by the recovery time due to the carrier density 
changes, enabling high-speed wavelength conversion 
with steep rising and falling edges. 

In the wavelength converter with the loop-type 
interferometer 209, however, the input signal light 
204 is combined and output from the same port 210 as 
the output light 208. Therefore, to separate the 
output light 208 from the input light 204, a 
wavelength filter 212 must be connected to the output 
port 210 to extract only the output light 208. 

Furthermore, when the wavelength A i of the signal 
light is the same as the wavelength A j of the 
wavelength conversed light, the wavelength filter 212 
cannot separate them. This means that the light 
before the wavelength conversion is mixed into the 
output light as noise. Thus, it has a problem of 
being unable to carry out the conversion of the same 
wavelength. In addition, since the 3dB coupler 202 is 
used to split the continuous light 205 with the 
wavelength A j , it has a problem of bringing about 3dB 



additional loss in principle. 

Moreover, when the wavelength converter with the 
loop- type interferometer is used, it is necessary that 
the length of the SOA 201 is sufficiently smaller than 
5 Al as illustrated in Fig. 2. More specifically, since 
the clockwise traveling continuous light 207 travels 
in the same direction as the signal light 204, it 
undergoes the effect of the variations in the 
refractive index throughout the length of the SOA 

io 201. In contrast, since the counterclockwise 
traveling continuous light 206 travels in the 
direction opposite to the signal light 204, it does 
not undergo any effect of the variations in the 
refractive index until it encounters the signal light 

15 204. Besides, since the effect of the variations in 
the refractive index varies depending on the position 
they encounter, the phase variation requires a rising 
time t r = 2 X L SOA /(c/n eq ) , where c is the speed of 
light and n eq is the equivalent refractive index of the 

20 SOA . 

As a result, if the length of the SOA 201 is in 
the same order as Al, the phase variations of the 
clockwise and counterclockwise traveling continuous 
light waves become as illustrated in Fig.4A, thereby 
25 deforming the waveform of the converted light emitted 
from the port 210 as illustrated in Fig.4B because of 
the interference. Thus, it presents a problem in that 
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the converted light emitted from the port 210 reduces 
its intensity as compared with that of Fig. 3B, 
thereby increasing the loss. 

5 SUMMARY OF THE INVENTION 

The present invention is implemented to solve the 
foregoing problems. Therefore, the object of the 
present invention is to provide a light -controlled 
10 light modulator that obviates the need for the 
wavelength filter, and that has a high-speed 
wavelength conversion function capable of converting 
an input signal with a wavelength to an output signal 
with the same wavelength as the input signal at a low 

15 lOSS. 

To realize the foregoing object, according to a 
1st aspect of the present invention, there is provided 
a light-controlled light modulator for modulating, in 
response to light intensity of first input light with 

20 an arbitrary wavelength, second input light with a 

wavelength identical to or different from a wavelength 
of the first input light, said light -controlled light 
modulator comprising; an optical combiner/ splitter for 
combining the first input light and the second input 

15 light, and for distributing them to a plurality of 
ports; phase modulators, which are connected to the 
plurality of ports, including media that vary their 
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refractive indices in response to the light intensity 
of the first input light; an optical combiner for 
combining outputs from said phase modulators; and 
optical branching -delaying means for branching and 
5 delaying the second input light. 

According to a 2nd aspect of the invention, a 
light-controlled light modulator comprising: first 
optical branching means for branching first input 
light; optical branching -delaying means for branching 
10 and delaying second input light, a first optical 

combiner/splitter for combining a first branched part 
of the first input light with a branched part of the 
second input light, and for distributing them to a 
plurality of ports; phase modulators, which are 
connected to the plurality of ports, including media 
that vary their refractive indices in response to 
light intensity of the first input light; and a second 
optical combiner/splitter for combining outputs from 
said phase modulators and for branching them to a 
plurality of parts, and for coupling branched outputs 
with a second branched part of the first input light 
and a second branched part of the second input light. 

According to a 3rd aspect of the invention, the 
light -controlled light modulator, wherein said optical 
25 combiner/splitter for combining the first input light 
and the second input light, and for distributing them 
to a plurality of ports, said phase modulators, which 
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are connected to the plurality of ports, including 
media that vary their refractive indices in response 
to the light intensity of the first input light, and 
said optical combiner for combining outputs from said 
phase modulators constitutes a symmetric Mach-Zehnder 
optical circuit. 

According to a 4th aspect of the invention, the 
light -controlled light modulator, wherein said optical 
branching- delaying means comprises a loop-type optical 
interferometer . 

According to a 5th aspect of the invention, the 
light -controlled light modulator, wherein a length of 
said media whose refractive indices vary in response 
to the light intensity of the first input light is 
shorter than a difference between a first length and a 
second length, the first length being equal to a 
length from said branching -delaying means for 
branching and delaying the second input light to said 
phase modulators via said optical combiner/splitter 
that combines the first input light with a first 
branched part of the second input light and 
distributes them to the plurality of ports, and the 
second length being equal to a length from said 
branching-delaying means to said phase modulators via 
said optical combiner that combines the outputs from 
said phase modulators and couples them to a second 
part of the branched second input light. 
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According to a 6th aspect of the invention, The 
light -controlled light modulator, further comprising a 
plurality of controllers for controlling states of 
said phase modulators including the media whose 
refractive indices vary in response to the light 
intensity of the first input light. 

According to a 7th aspect of the invention, The 
light -controlled light modulator, wherein the media of 
said phase modulators with the media whose refractive 
indices vary in response to the light intensity of the 
first input light have a cross section that varies 
along a propagation direction of light. 

According to a 8th aspect of the invention, the 
light -controlled light modulator, wherein said optical 
branching -delaying means consists of an asymmetric 
Mach-Zehnder optical circuit. 

According to a 9th aspect of the invention, the 
light -controlled light modulator, wherein 
semiconductor optical amplifiers are used as said 
phase modulators including the media whose refractive 
indices vary in response to the light intensity of the 
first input light. 

According to a 10th aspect of the invention, the 
light -controlled light modulator, further comprising 
means for controlling the intensity of the input light. 

According to a 11th aspect of the invention, the 
light -controlled light modulator, wherein said means 
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for controlling the intensity of the input light 
comprises an optical amplifier with a gain control 
function . 

As described above, according to the present 
invention, the output port emits only the output light 
after the wavelength conversion without emitting the 
slightest part of the input light. Accordingly, it is 
not necessary to connect the filter for separating the 
output light from the input light to the output port. 
In addition, even when the wavelength of the input 
signal light is identical to that of the converted 
light, the problem is eliminated in that the light 
before the wavelength conversion is not mixed into the 
output light as noise. , Thus, the present invention 
can provide a light -controlled light modulator with a 
high-speed wavelength conversion function capable of 
converting an input signal with a wavelength to an 
output signal with the same wavelength as the input 
signal . 

The above and other objects, effects, features 
and advantages of the present invention will become 
more apparent from the following description of 
embodiments thereof taken in conjunction with the 
accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 
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Fig. 1 is a block diagram showing an example of a 
conventional wavelength converter; 

Fig. 2 is a block diagram showing another example 
of a conventional wavelength converter; 

Figs. 3A and 3B are graphs illustrating the phase 
variations and light intensity characteristics of the 
conventional wavelength converter; 

Figs. 4A and 4B are graphs illustrating another 
example of the phase variations and light intensity 
characteristics of the conventional wavelength 
converter; 

Fig. 5 is a block diagram showing a configuration 
of a first embodiment in accordance with the present 
invention; 

Figs. 6A-6D are graphs illustrating the phase 
variations and light intensity characteristics of a 
wavelength converter in accordance with the present 
invention; 

Fig. 7 is a perspective view showing a structure 
of an SOA of a second embodiment in accordance with 
the present invention; 

Fig. 8A-8C are cross -sectional views showing a 
structure of an SOA of a third embodiment in 
accordance with the present invention, which is 
fabricated using an n-type substrate; 

Figs. 9A-9D are graphs illustrating, as a 
function of the device length, the width of the 
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waveguide of the SOA with the device length (LI + L2), 
which is included in the wavelength converter in 
accordance with the present invention; 

Fig. 10A-10C are cross-sectional views showing a 
structure of an SOA of a fourth embodiment in 
accordance with the present invention, which is 
fabricated using an n-type substrate; 

Fig. 11 is a block diagram showing a structure of 
an fifth embodiment in accordance with the present 
invention; and 

Figs. 12A and 12B are graphs illustrating the 
phase variations and light intensity characteristics 
of a wavelength converter in accordance with the 
present invention. 

Fig. 13 is a block diagram showing a 
configuration of a sixth embodiment in accordance with 
the present invention; 

Fig. 14 is a block diagram showing a 
configuration of a seventh embodiment in accordance 
with the present invention; and 

Fig. 15 is a block diagram showing a 
configuration of a eighth embodiment in accordance 
with the present invention. 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 
The preferred embodiments in accordance with the 
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present invention will now be described with reference 
to accompanying drawings . 
[EMBODIMENT 1] 

Fig. 5 is a block diagram showing a first 
embodiment in accordance with the present invention, 
an embodiment of a light -controlled light modulator 
for carrying out wavelength conversion. The 
wavelength converter comprises semiconductor optical 
amplifiers (SOAs) 501 and 502; MMI couplers 503 and 

504 connected to the SOAs 501 and 502; an MMI coupler 

505 connected to the MMI coupler 504; and a loop-type 
interferometer 513 connected between the MMI couplers 

503 and 505. 

The SOAs 501 and 502 and the MMI couplers 503 and 

504 constitute a filter- equipped phase modulator 515 
(shown by broken lines in Fig. 5). The reference 
numeral 506 designates signal light, 507 designates 
continuous light, 508 designates counterclockwise 
traveling light, 509 designates clockwise traveling 
light, 510 designates output light, 511, 512, 514, 516, 
517 and 518 each designate a port. 

The present embodiment employs the MMI coupler 
503 as a means for combining the first input light and 
the second input light, and distributes them to 
plurality of ports. It further uses the SOAs 501 and 
502 as a phase modulator with a medium that changes 
the refractive index in response to the intensity of 
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the first input light; and the MMI coupler 504 for 
combining the outputs from the phase modulator. 

In this configuration, the continuous light A 
j(cw) 507 with the wavelength A j is launched into the 
MMI coupler 505 via the port 512, and is split into 
two parts by the MMI coupler 505 to be led to the 
loop-type interferometer 513. In the loop-type 
interferometer 513, they travel around the loop as 
separate clockwise traveling light 509 and 
counterclockwise traveling light 508. The two light 
waves pass through the filter-equipped phase modulator 
515, and are coupled again by the MMI coupler 505 to 
be emitted from the port 512. In this state, the 
signal light 506 with the wavelength A i is launched 
into the filter- equipped phase modulator 515 via the 
port 517. 

To achieve the filtering function, the present 
embodiment employs a symmetric Mach-Zehnder 
interferometer that comprises the two MMI couplers 503 
and 504 which are connected via the two waveguides 
(arms) including the SOAs 501 and 502 as shown in Fig. 
5 as the filter-equipped phase modulator 515. 

Generally speaking, in the symmetric Mach-Zehnder 
interferometer, the incident light is split by the 
first coupler into two parts, which pass through the 
two waveguides (arms), and are coupled again by the 
second coupler, to be emitted from the output port at 
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the crossing position with the input port. The 
filtering function of the present embodiment utilizes 
the feature of the Mach-Zehnder interferometer. 

The signal light Ai(s) 506 with the wavelength A 
5 i is launched into the MMI coupler 503 via the port 
517. The incident signal light 506 is split into two 
parts/ which pass through the SOAs 501 and 502 , and 
are combined again by the MMI coupler 504 to be output 
from the port 514 at the crossing position with the 

10 input port 517. Thus, the configuration prevents the 
input signal light 506 from entering the loop-type 
interferometer 513 because of the filtering function 
by the Mach-Zehnder interferometer. 

The continuous light 508 with the wavelength A j 

15 that travels the loop counterclockwise, that is, the 
light to be converted, is launched into the MMI 
coupler 504 via the port 518, and is split into two 
parts, which pass through the SOAs 501 and 502, and 
are combined by the MMI coupler 503 to be emitted from 

20 the port 516 at the crossing position with the input 
port 518, and to travel the loop again. In this case, 
since no component is supplied to the port 517, no 
excessive loss takes place. 

Likewise, the continuous light 509 with the 

25 wavelength Aj that travels the loop clockwise, that 
is, the light to be converted, is launched into the 
MMI coupler 503 via the port 516, and is split into 
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two parts, which pass through the SOAs 501 and 502 and 
are combined by the MMI coupler 504 to be emitted from 
the port 518 at the crossing position with the input 
port 516, and to travel the loop again. In this case, 
since no component is supplied to the port 514, no 
excessive loss takes place. 

Thus, as for the light to be converted consisting 
of the continuous light waves 508 and 509 with the 
wavelength A j that travels the loop, no excessive 
loss occurs in principle by passing through the 
couplers 503 and 504 for coupling the signal light 
waves . 

When the input signal light 506 passes through 
the SOAs 501 and 502, their refractive indices vary. 
The light with the wavelength A j traveling the loop 
undergoes the effect of the variations in the 
refractive indices of the SOAs 501 and 502, bringing 
about the phase variations as illustrated in Fig.3A. 

The clockwise traveling light 509 undergoes the 
abrupt phase variation, followed by recovering the 
original phase in the time period corresponding to the 
recovery time of carrier density changes of the SOA, 
and is launched into the MMI coupler 505. Although 
the counterclockwise traveling light 508 is also 
subjected to similar phase variations, since it 
travels the loop- type interferometer longer than the 
clockwise traveling light, it is launched into the MMI 
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coupler 505 with a delay A r . 

Thus, in the MMI coupler 505, the phase 
variations of the clockwise and counterclockwise 
traveling light waves take place with a time shift of 
A r . The two continuous light waves with the same 
wavelength Aj interfere with each other in the MMI 
coupler 505. In the course of this, their phases 
differ only during the time period A r and nearly 
equal thereafter. As a result of the interference, 
the light is supplied to the port 511 only during the 
time slot A z as illustrated in Fig. 3B. In other 
words, the input optical signal with the wavelength A 
i is converted to the light with the wavelength A j to 
be output to the port 511 as output light Aj(s) 510. 

In the wavelength converter with such a loop -type 
interferometer, the counterclockwise traveling light 
508 and the clockwise traveling light 509 have the 
same phase variations during the time while the light 
phase variations gradually recover in response to the 
recovery of the carrier density in the SOAs 501 and 
502, except for the foregoing time period Ar. 
Therefore, as a result of the interference, the effect 
of the variations in the refractive indices in the 
SOAs 501 and 502 are canceled out, and the light 507 
with the wavelength Aj is emitted to the port 512. 
Thus, as illustrated in Fig.3B, the waveform after the 
wavelength conversion output from the port 511 
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includes no low-rate components whose rate is limited 
by the recovery time due to the carrier density 
changes, enabling high-speed wavelength conversion 
with steep rising and falling edges. 

In the present embodiment, the input light 506 is 
output from the port 514, and is not output from the 
port 511. Thus, it is unnecessary to connect the 
wavelength filter for separating the input light and 
the output light to the output port. Therefore, even 
when the wavelength A i of the signal light equals the 
wavelength A j of the light to be converted, the 
wavelength conversion becomes possible without mixing 
noise into the wavelength- converted light output from 
the port 511. 

Furthermore, the light to be converted 508 
traveling counterclockwise, that is, a portion of the 
continuous light 507 with the wavelength A j , is 
guided from the port 518 to the port 516 , while the 
light to be converted 509 traveling clockwise, that is, 
a portion of the continuous light 507 with the 
wavelength A j , is guided from the port 516 to the 
port 518, bringing about no excessive loss. Therefore, 
regardless of whether the signal light and the light 
to be converted have the same wavelength or not, the 
present embodiment can implement the low- loss, high- 
speed wavelength conversion without the filter. 

When using the wavelength converter with the 
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loop- type interferometer, the following points must be 
noticed. Specifically, the present embodiment uses 
the symmetric Mach-Zehnder interferometer in which the 
MMI couplers 503 and 504 are connected by the two 
5 waveguides (arms) including the SOAs 501 and 502 to 
achieve the filtering function. 

Since the switching operation of the Mach-Zehnder 
interferometer takes place when the produce AnXL 
becomes 3, where An is the variation in the 

10 refractive index of the structure consisting of the 

medium constituting the arms of the interferometer and 
L is the length of the portion in which the refractive 
index varies, it is common to take L at a rather large 
value to implement lower-power operation. 

15 Generally speaking, the symmetric Mach-Zehnder 

interferometer assumes that one or two signal light 
waves are launched thereinto. When the two signal 
light waves are launched, they travel either in the 
same direction or in the opposite directions. 

20 Therefore, it is enough to optimize the conditions 
either for the same direction or for the opposite 
directions. Accordingly, it is advantageous that the 
length L is longer of the portion in which the 
refractive index of the arms varies. 

25 In the wavelength converter in accordance with 

present invention, there are three incident light 
waves: the clockwise traveling continuous light 509, 
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the counterclockwise traveling continuous light 508 
and the signal light 506. Although the clockwise 
traveling continuous light 509 travels in the same 
direction as the signal light 506, the 
counterclockwise traveling continuous light 508 
travels in the directions opposite to the signal light 
506. Thus, they travel in the same direction and 
opposite directions at the same time in the Mach- 
Zehnder interferometer . 

The clockwise traveling continuous light 509 
undergoes the effect of the refractive index changes 
throughout the length L SOA of the SOA 501 or 502 
because it travels in the same direction as the signal 
light 506. In contrast, the counterclockwise 
traveling continuous light 508 does not until it 
encounters the signal light 506 because it travels in 
the direction opposite to the signal light, and hence 
it requires tr = 2 L SOA /(c/n eq ) as the rising time of 
the phase change, where c is the speed of light and n eq 
is the equivalent refractive index of the SOA. 

Therefore, when the length L SOA of the SOAs 501 
and 502 is in the same order as Al, the phase 
variations of the clockwise and counterclockwise 
continuous waves become as illustrated in Fig. 6A. 
Accordingly, the waveform of the converted wave 
supplied to the port 511 is deformed as illustrated in 
Fig. 6B, preventing the high-speed operation. Besides, 
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because of the reduction in the extinction ratio due 
to the reduction in the intensity of the converted 
light, the ratio between the intensity of the 
converted light and that of the crosstalk components 
decreases, disabling the filter-free operation. 

Therefore, to achieve the high-speed, high 
extinction ratio filter- free wavelength conversion, i 
is necessary to limit the length of the SOAs used in 
the present invention. Specifically, the length of 
the SOAs is determined such that the tr becomes 
smaller than A r . 



Lsoa = (c/n eq )/2 X tr < (c/n eq )/2 X Ar 

= (c/n eq )/2 X AL/(c/n eq0 ) = (n eq0 /n eq ) X Al/2 

Setting the length as such, the phase difference 
between the clockwise and counterclockwise continuous 
light waves become as illustrated in Fig. 6C, and the 
waveform of the intensity of the converted light 
emitted to the port 511 becomes as illustrated in Fig. 
6D, thereby implementing the high-speed operation. 
[EMBODIMENT 2] 

To achieve high-speed operation in the present 
invention, the SOAs 501 and 502 can have a divided 
electrode structure. The conventional SOA has two 
electrodes, one of which constitutes its p-electrode 
and the other of which constitutes its n-electrode. 
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In contrast, the SOA of the present embodiment is 
characterized in that it has multiple p-electrodes 
when using an n-substrate, multiple n-electrodes when 
using a p-substrate, and at least multiple p- 
electrodes or n-electrodes when using a semi- 
insulating substrate. 

Fi 9- 7 is a perspective view of a second 
embodiment in accordance with the present invention, 
which shows a structure of an SOA using an n-substrate. 
In Fig. 7. the reference numeral 601 designates an n- 
InP substrate, 602 designates an InGaAsP active layer, 
603 and 604 each designate a p-InP layer, 605 
designates a p- InGaAsP cap layer, 606 designate p- 
electrodes, 607 designates an n-electrode and 608 
designates an n-InP layer. In the structure, the p- 
electrodes and p- InGaAsP cap layer are each divided so 
that current can be injected into the two regions 
independently. The two-electrode structure of the SOA 
as shown in Fig. 7 enables the following operation by 
varying the levels of the injection current into the 
two regions . 

More specifically, in this structure, the light 
509 traveling in the loop clockwise and the light 508 
traveling counterclockwise are both launched into the 
two -electrode SOAs 501 and 502 from the opposite 
directions to each other, and are emitted to the 
opposite directions. Accordingly, varying the levels 
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of the injection currents to the two regions can 
change the saturation characteristics of the SOAs for 
the light 509 traveling in the loop clockwise and for 
the light 508 traveling counterclockwise. 

As a result, the phase relationships between the 
clockwise traveling light 509 and the counterclockwise 
traveling light 508 vary, so that the waveform of the 
converted light emitted from the port 511 varies 
because of the interference effect in the 3dB coupler 
505. Therefore, adjusting the currents flowing 
through the two electrodes makes it possible to 
implement the output waveform without the "lobe" as 
shown in Fig.4B. 
[EMBODIMENT 3] 

The gain waveguide region of the conventional SOA 
has a uniform cross -sectional profile regardless of 
the position. In contrast, in the wavelength 
converter of the present embodiment, the gain 
waveguide region of the SOA 501 or 502 changes its 
cross -sectional profile according to the position to 
achieve the high-speed operation. 

Figs. 8A-8C are cross -sectional views showing a 
third embodiment in accordance with the present 
invention, which illustrate a structure of an SOA 
fabricated on an n-type substrate. Fig. 8A is a view 
illustrating a cross -sectional profile along the 
waveguide core of the SOA; and Figs. 8B and 8C are 
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cross-sectional views illustrating profiles along 
VIIIB-VIIIB line and VIIIC-VIIIC line of Fig. 8A, 
respectively . 

The SOA comprises an InGaAsP active layer 612 
5 constituting a gain medium on a first surface of an n- 
InP substrate 611. At both sides of the waveguide 
region, a region consisting of a p-InP layer 613 and 
an n-InP layer 614, which are stacked in this order, 
is formed. On the InGaAsP active layer 612 and the n- 

10 InP layer 614, a p-InP layer 615, a p-InGaAsP layer 
616 constituting a cap layer, and a p-electrode 617 
are stacked in this order. On a second surface of the 
n-InP substrate 611, an n-electrode 618 is formed. 
Figs. 9A-9D are graphs each illustrating a 

15 waveguide width of the SOA, which has a device length 
of (LI + L2) and is included in the wavelength 
converter of the present embodiment, as a function of 
the position in the direction of the device length. 

The waveguide width of the SOA as illustrated in 

20 Fig. 9A is Wl from the position 0 to LI, and changes 
stepwise to W2 at the position LI. The waveguide 
width of the SOA as illustrated in Fig. 9B changes 
linearly from Wl to W2 from the position 0 to (LI + 
L2 ) . The waveguide width of the SOA as illustrated in 

25 Fig. 9C is Wl from the position 0 to L3, changes 

linearly from Wl to W2 from the position L3 to L4, and 
is fixed at W2 from L4 to (LI + L2). The waveguide 
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width of the SOA as illustrated in Fig. 9D changes 
linearly from Wl to W2 from the position 0 to L5, and 
is fixed at W2 from L5 to (LI + L2). 

The saturation power of the SOA is proportional 
5 to the ratio S/T, where S is cross-sectional area of 
the active layer constituting the gain medium of the 
SOA, and T is the confinement factor of the 
optoelectric field. Since the cross-sectional area S 
and the confinement factor T vary by the waveguide 

10 width, the SOAs with the structure as shown in Fig. 
8A-8C and Figs. 9A-9D vary their saturation power by 
the position. 

Although the basic operational principle of the 
SOAs with these structures is the same as that of the 

15 conventional wavelength converter as illustrated in 

Fig. 2, they differ in the following points because of 
the varying cross -sectional profile of the gain region. 

In the loop- type interferometer 513 as shown in 
Fig. 5, the clockwise traveling light 509 and the 

20 counterclockwise traveling light 508 are launched into 
the SOAs 501 and 502 from the opposite directions. 
Assume that the SOAs 501 and 502 have a gain region 
with the cross -sectional profile varying with position 
as shown in Fig. 9A. Then, the SOAs 501 and 502 can 

25 each be considered equivalent to a cascade connection 
of two SOAs with different saturation characteristics, 
that is, an SOA with the waveguide width Wl and device 
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length LI and an SOA with the waveguide width W2 and 
device length L2 . 

Accordingly, each of the light waves traveling in 
the SOAs 501 and 502 successively passes through two 
SOAs with different saturation characteristics 
depending on its traveling direction. Hence, the 
clockwise traveling light 509 and the counterclockwise 
traveling light 508 are differently affected by the 
saturation characteristics of the SOAs in the loop- 
type interferometer 513. As a result, the phase 
relationships between the clockwise traveling light 
509 and the counterclockwise traveling light 508 also 
vary so that the waveform of the converted light 510 
emitted from the port 511 also varies because of 
interference in the 3dB coupler 505. Thus, making use 
of the characteristics enables the "lobe" as shown in 
Fig. 4B to be removed from the converted light, 
thereby achieving the output waveform as shown in Fig. 
3B. 

Although the SOAs 501 and 502 are assumed to have 
the waveguide width as illustrated in Fig. 9A here, 
the variations in the waveguide width are not limited 
to it. Any variation involving at least two waveguide 
widths is applicable, and any number of waveguide 
widths will achieve a similar effect. 

Furthermore, it is enough for the waveguide width 
to vary in the direction of the device length 
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regardless whether the variation is continuous or 
discontinuous, and regardless of the rate of change, 
offering the foregoing effect. Accordingly, the 
waveguide width can vary throughout the region of the 
SOAs 501 and 502 as shown in Fig. 9B. Alternatively, 
it can vary continuously at least in a part of the 
region as illustrated in Fig. 9C or 9D. 

Although the present embodiment is described by 
way of example wherein the waveguide core of the SOA 
includes only an active layer, this is not essential. 
The same argument holds true as long as the waveguide 
width varies, regardless of whether the waveguide 
region comprises an optical guide layer or 
optoelectric separate-confinement heterostructure 
layer (SCH layer) , implementing high-speed operation. 

Although the present embodiment is explained 
taking an example where the waveguide width of the SOA 
varies, it should be added that the same argument 
holds true when the thickness d of the waveguide core 
or gain medium varies, offering a similar effect. In 
this case, the waveguide width W in connection with 
Figs. 9A-9D is replaced by the thickness d, and the 
same argument holds as long as the thickness d varies 
regardless of whether its variation is continuous or 
discontinuous. Besides, it is obvious that the 
variations in both the width and thickness of the 
waveguide will achieve a similar effect. 
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In summary, as long as the cross-sectional 
profile of the waveguide core of the SOA varies, the 
saturation power is variable depending on the position 
regardless of whether one or both of the width and 
thickness vary, or the variation is continuous or 
discontinuous. As a result, the high-speed operation 
can be implemented. 
[EMBODIMENT 4] 

Figs. 10A-10C are cross -sectional views 
illustrating a structure of a fourth embodiment in 
accordance with the present invention, a structure of 
an SOA applicable to the wavelength converter in 
accordance with the present invention as shown Fig. 5. 

Fig. 10A is a view illustrating a cross-sectional 
profile along the waveguide core of the SOA; and Figs. 
10B and IOC are views illustrating cross-sectional 
profiles along XB-XB line and XC-XC line of Fig. 10A, 
respectively. 

The SOA comprises an InGaAsP active layer 622 
constituting a gain medium on a first surface of an n- 
InP substrate 621 in such a manner that it is 
sandwiched by two guide layers (sometimes called a 
separate -confinement heterostructure layer or SCH 
layer). InGaAsP layers 629 and 630. At both sides of 
the waveguide region, a region consisting of a p-InP 
layer 623 and an n-InP layer 624, which are stacked in 
this order, is formed. On the InGaAsP layer 630 and 
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the n-InP layer 624, a p-InP layer 625, a p-InGaAsP 
layer 626 constituting the cap layer, and a p- 
electrodes 627 are stacked in this order. On a second 
surface of the n-InP substrate 621, an n-electrode 628 
5 is formed. 

In the structure as shown in Figs. 10A-10C, the 
thickness of the upper guide layer 630 stacked on the 
InGaAsP active layer 622 varies with the position. 
Although its thickness is d x at an end of the SOA as 

10 shown in Fig. 10B, it is zero at the other end as 

shown in Fig. 10C. In the SOA with such a structure, 
the optoelectric confinement factor F in the gain 
medium consisting of the active layer varies with the 
position. Therefore, the saturation power of the SOA 

is also varies, enabling the high-speed operation like 
that of the SOA described in the embodiment 3. 

Here, it does not matter whether the thickness of 
the upper InGaAsP guide layer 630 varies continuously 
throughout the SOA, or discontinuously at some part. 

20 Besides, it is enough for the thickness of the upper 

InGaAsP guide layer 630 to vary, regardless of whether 
it varies to zero or not. 

Furthermore, the layer that varies its thickness 
is not limited to the upper InGaAsP guide layer 630. 

25 Any layer that can vary the optical confinement factor 
T of the active layer with position is applicable. 
More specifically, it is enough that the thickness 
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varies in at least one of the InGaAsP active layer 622, 
upper InGaAsP guide layer 630 and lower InGaAsP guide 
layer 629. 
[EMBODIMENT 5] 

Fi 9- 11 is a block diagram showing a 
configuration of an fifth embodiment in accordance 
with the present invention, in which an MMI coupler 
520 is connected to the MMI couplers 503 and 504 of 
the wavelength converter in accordance with the 
present invention as shown in Fig. 5. 

Signal light 506 with the wavelength Ai is 
launched into an MMI coupler 520 via a port 519. A 
first part of the signal light Ai(s) 506 split by the 
MMI coupler 520 is launched into the MMI coupler 503 
via the port 517. It is further split into two parts, 
which pass through the SOAs 501 and 502, and are 
combined by the MMI coupler 504. The output of the 
MMI coupler 504 is emitted from the port 514 at the 
crossing position with the port 517. 

On the other hand, a second part of the signal 
light 506 split by the MMI coupler 520 is launched 
into the MMI coupler 504 via the port 514. It is 
further split into two parts, which pass through the 
SOAs 501 and 502, and are combined by the MMI coupler 
503. The output of the MMI coupler 503 is emitted 
from the port 517 at the crossing position with the 
port 514. Thus, the input signal light 506 does not 
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enter the loop-type interferometer because of the 
filtering function of the Mach-Zehnder interferometer. 

When the input signal light 506 passes through 
the SOAs 501 and 502, the refractive indices in the 
SOAs 501 and 502 vary. The light with the wavelength 
A j traveling in the loop is affected by the 
variations in the refractive indices in the SOAs, 
thereby bringing about the phase variations similar to 
that of Fig. 3A. The clockwise traveling light 509 
undergoes abrupt phase variations, followed by 
recovering its original phase in the time period 
corresponding to the recovery time of carrier density 
changes in the SOA, and is launched into the MMI 
coupler 505. The counterclockwise traveling light 508 
undergoes similar phase variations. However, since it 
travels in the loop-type interferometer longer than 
the clockwise traveling light, it is launched into the 
MMI coupler 505 with a time delay of At. Accordingly, 
in the MMI coupler 505, the time of the phase 
variations shifts by an amount of A r between the 
clockwise and counterclockwise traveling light waves. 
Thus, only during the time A r, the light with the 
wavelength Aj is emitted from the port 511 because of 
the interference effect as in Fig. 3B. 

In other words, the input optical signal with the 
wavelength A i is converted to the light with the 
wavelength Aj to be emitted from the port 511. In the 
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wavelength converter with the loop-type interferometer, 
the region in which the phase variations are limited 
by the recovery time of carrier density changes are 
canceled out. Thus, the wavelength converter is free 
from the limitation, thereby enabling the high-speed 
wavelength conversion. 

In the present embodiment, the input light 506 is 
emitted from the ports 514 and 517, but never from the 
port 511. Thus, it is not necessary to provide the 
output port with a wavelength filter for separating 
the input light and the output light. Accordingly, 
even when the wavelength A i of the signal light is 
identical to the wavelength A j of the converted 
output light, the converted light emitted from the 
output port 511 is free from noise, enabling high- 
quality wavelength conversion. 

To achieve the high-speed operation in the 
present invention, the signal light is split by the 
MMI coupler 520 to be launched into the SOAs 501 and 
502 from both sides via the optical signal waveguides 
514 and 517 as shown in Fig. 11. Thus, both the 
clockwise traveling light 509 and counterclockwise 
traveling light 508 pass through the SOAs 501 and 502 
not only in the same direction as the split signal 
light, but also in the opposite direction to it. 

Thus, the phase variations of the clockwise 
traveling light 509 and counterclockwise traveling 
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light 508 have the abrupt and completely identical 
waveform as illustrated in Fig. 12A. As a result, the 
waveform of the conversion output has steep rising and 
falling edges as illustrated in Fig. 12B, achieving a 
high bit rate output waveform. 
[EMBODIMENT 6] 

Fig. 13 is a block diagram showing a sixth 
embodiment in accordance with the present invention, 
which is still another embodiment of a light - 
controlled light modulator for carrying out the 
wavelength conversion. Generally speaking, the 
wavelength converter has a so-called optimum signal 
light intensity range. The present embodiment 
includes a functional circuit for controlling the 
input light intensity with an SOA installed at a stage 
before the wavelength converter of the embodiments 1, 
2, 3, 4 and 5. 

In this configuration, signal light 506 that is 
launched into a port 704 is amplified by an SOA 701, 
and is input to an MMI coupler 702. A fraction of the 
light passing through the MMI coupler 702 is launched 
into a photodiode (PD) 703 so that its light intensity 
is measured. As indicated in Fig. 7 by an arrow, 
electric feedback based on the measurement of the 
light intensity is made to decide the injection 
current into the SOA 701, thereby controlling the gain. 
Thus, the signal light with its optical intensity 
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being controlled by the SOA 701 is output from the 
port 705. The optical signal passes through a 
waveguide 70 7, and is launched into a port 517 of a 
post -stage filter- equipped phase modulator 515 with 
the optimum optical intensity for the wavelength 
conversion. Thus, even if the input light intensity 
to the wavelength converter varies, the optical signal 
with the optimum light intensity is always launched 
into the wavelength converter. As a result, the 
present embodiment can increase the margin of the 
input light intensity as compared with the foregoing 
embodiment 1 . 
[EMBODIMENT 7] 

Fig. 14 is a block diagram showing a 
configuration of a seventh embodiment in accordance 
with the present invention, another embodiment of the 
light -controlled light modulator for carrying out the 
wavelength conversion. The present embodiment is a 
wavelength converter employing an asymmetric Mach- 
Zehnder interferometer 807 instead of the loop-type 
interferometer 513 of the foregoing embodiment 1. 

The wavelength converter comprises a filter- 
equipped phase modulator 828 and an asymmetric Mach- 
Zehnder interferometer 807. The filter-equipped phase 
modulator 828 is a symmetric Mach-Zehnder 
interferometer comprising SOAs 801 and 802, and MMI 
couplers 803 and 804. The asymmetric Mach-Zehnder 
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interferometer 807 comprises MMI couplers 805 and 806, 
and two waveguides with different length. 

In this configuration, the continuous light A 
3(cw) 811 with the wavelength Aj is launched into the 
MMI coupler 803 via the port 814, and is split into 
two parts by the MMI coupler 803. The two parts pass 
through the SOAs 801 and 802, and are combined by the 
MMI coupler 804 to be emitted from the port 817. The 
emitted light passes through the asymmetric Mach- 
Zehnder interferometer 807, and is output from the 
port 808. 

In this state, the signal light Ai(s) 810 with 
the wavelength A i is launched into the MMI coupler 
803 via the port 815. The incident signal light 810 
is split into two parts, which pass through the SOAs 
801 and 802, and are combined by the MMI coupler 804 
to be emitted from the port 816. Because of the 
filtering function of the filter-equipped phase 
modulator 828, the input signal light is not launched 
into the post-stage asymmetric Mach-Zehnder 
interferometer 807. 

When the input signal light 810 passes through 
the SOAs 801 and 802, the refractive indices in the 
SOAs 801 and 802 vary. The light with the wavelength 
Aj traveling through the filter-equipped phase 
modulator 828 is phase -modulated by the effect of the 
variations in the refractive indices, and is launched 
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into the asymmetric Mach-Zehnder interferometer 807 
via the port 817. 

The phase-modulated light with the wavelength A 
is split into two parts by the MMI coupler 805, and 
the two parts pass through the two waveguides whose 
lengths differ by Al. The light passing through the 
longer waveguide is delayed by an amount of A r 
compared with the light passing through the shorter 
waveguide, and the two light waves are launched into 
the MMI coupler 806 to be combined. 

The two continuous light waves with the same 
wavelength A j interfere with each other in the MMI 
coupler 806. In the course of this, their phases 
differ only during the time period A r and nearly 
equal thereafter as in Fig. 3A. As a result of the 
interference, the light is supplied to the port 809 
only during the time slot A r in which the phases 
differ from each other as in Fig. 3B. In other words 
the input optical signal with the wavelength Ai is 
converted to the light with the wavelength Aj to be 
output to the port 809 as output light A j(s) 813. 

In the wavelength converter with the asymmetric 
Mach-Zehnder interferometer 807, the light passing 
through the shorter waveguide and the light passing 
through the longer waveguide have the same phase 
variations during the time period except for the 
foregoing time period A r . Therefore, as a result of 
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the interference, the effect of the variations in the 
refractive indices in the SOAs 801 and 802 are 
canceled out. Thus, the waveform after the wavelength 
conversion is free from the recovery time of the 
carrier density changes of the SOAs, thereby enabling 
high-speed wavelength conversion. 

In the present embodiment, the input light 810 is 
emitted from the port 816, and is not launched into 
the asymmetric Mach-Zehnder interferometer 807. Thus, 
it is unnecessary to connect the wavelength filter for 
separating the input light and the output light to the 
output port. Therefore, even when the wavelength Ai 
of the signal light equals the wavelength Aj of the 
light to be converted, the wavelength conversion is 
possible with preventing the signal light, which has 
undergone the effect of the variations in the 
refractive indices in the SOA, from being mixed as the 
noise into the light to be wavelength converted. 

Furthermore, the continuous light 811 with the 
wavelength Aj, the light to be converted, is launched 
into the MMI coupler 803 via the port 814 to be split 
into two parts. The two parts pass through the SOAs 
801 and 802, and are combined by the MMI coupler 804. 
Its output is guided to the port 817 at the crossing 
position with the input port 811. Thus, no component 
emerges from the port 816, bringing about no excessive 
loss. Therefore, low- loss, high-speed wavelength 
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conversion can be implemented without using any filter 
regardless of whether the signal light has the same 
wavelength as the light to be converted or not . 
[EMBODIMENT 8] 
5 Fig. 15 is a block diagram showing a eighth 

embodiment in accordance with the present invention, 
which shows still another embodiment of the light - 
controlled light modulator for carrying out the 
wavelength conversion. The present embodiment is a 

10 wavelength converter that includes an additional 
functional circuit for controlling the input light 
intensity using an SOA provided before the embodiment 
7. The principle of the operation of the additional 
function is the same as that of the foregoing 

15 embodiment 6. Although the embodiments 6 and 8 employ 
the SOA, this is not essential. For example, an 
optical fiber amplifier can achieve similar advantages. 

In addition, although the embodiments 1-8 employ 
the MMI coupler as the means for combining the first 

20 input light and the second input light and for 

distributing the combined light to a plurality of 
ports, this is not essential. For example, using a 
directional coupler or Y-branch will achieve similar 
advantages. Furthermore, although they employ the 

25 SOAs as a medium whose refractive index varies in 
response to the first input light intensity, any 
medium or structure that has a refractive index 
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variable in response to the optical intensity is 
applicable . 

It should be noticed that no limitations are 
imposed on the structure of the SOA of the present 
5 embodiment . For example , as the material of the 

active layer, any one of the InGaAsP, GaAs , AlGaAs , 
InGaAs and GalnNAs is applicable. As for the active 
layer structure, any one of the bulk, MQW, quantum 
wire and quantum dot are applicable, and as for the 

10 waveguide structure, any one of the pn-buried 

structure, ridge structure, semi- insulated buried 
structure and high-mesa structure are applicable with 
achieving similar effect. 

Although the foregoing embodiments employ the MMI 

15 couplers as their couplers, directional couplers are 
also usable. In addition, although the SOAs are 
utilized as a phase modulator with a structure 
consisting of a medium whose refractive index varies 
in response to the optical intensity of the first 

20 input light, other modulators such as phase modulators 
and intensity modulators can also be used as long as 
they have such structures as varying their refractive 
indices in response to the optical intensity. 

The present invention has been described in 

25 detail with respect to preferred embodiments, and it 
will now be apparent from the foregoing to those 
skilled in the art that changes and modifications may 
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be made without departing from the invention in its 
broader aspects, and it is the intention, therefore, 
in the appended claims to cover all such changes and 
modifications as fall within the true spirit of the 
5 invention. 
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